Abstract. Brain functional activity involves complex cellular, metabolic, and vascular chain reactions, making it difficult to comprehend. Electroencephalography (EEG) and functional near infrared spectroscopy (fNIRS) have been combined into a multimodal neuroimaging method that captures both electrophysiological and hemodynamic information to explore the spatiotemporal characteristics of brain activity. Because of the significance of visually evoked functional activity in clinical applications, numerous studies have explored the amplitude of the visual evoked potential (VEP) to clarify its relationship with the hemodynamic response. However, relatively few studies have investigated the influence of latency, which has been frequently used to diagnose visual diseases, on the hemodynamic response. Moreover, because the latency and the amplitude of VEPs have different roles in coding visual information, investigating the relationship between latency and the hemodynamic response should be helpful. In this study, checkerboard reversal tasks with graded contrasts were used to evoke visual functional activity. Both EEG and fNIRS were employed to investigate the relationship between neuronal electrophysiological activities and the hemodynamic responses. The VEP amplitudes were linearly correlated with the hemodynamic response, but the VEP latency showed a negative linear correlation with the hemodynamic response.
Introduction
The brain's functional activity involves neuronal electrophysiological signal transmission, chemical transmitter release, energy metabolism, and blood microcirculation. 1 These complex and serial cellular, metabolic, and vascular processes make it difficult to fully comprehend the functional activity of the brain. Nevertheless, neuroscientists have continued to investigate it and have attempted to resolve these processes one by one. Electrophysiology was the initial tool for exploring brain functional activity. Electroencephalography (EEG), a noninvasive, electrophysiological tool, has been utilized to measure electrical potentials on the scalp that originate from neuronal activity in the brain. This technique provided good submillisecond temporal resolution but relatively low spatial resolution. 2, 3 Functional magnetic resonance imaging (fMRI) was found to indirectly reflect neuronal activity by measuring blood-oxygen-level dependent (BOLD) signals. 4 Numerous studies have used it to investigate vascular functional activity. BOLD signals measure changes in the paramagnetic properties of the deoxygenated hemodynamic content of tissue at a spatial resolution of tens of mm 3 , but its temporal resolution has remained at a timescale of seconds. 5 Because the brain's functional activity is not limited to fluctuations in one type of physiological signal, EEG and fMRI have been combined to record signals originating from neuronal activity and microcirculation 6 even in certain brain disorders. 7 This combination seems to be appropriate for analyzing the two processes of the functional activity of the brain. However, serious cross interference between the electrical field of an EEG system and the magnetic field of an fMRI scanner has limited this combination as a multimodal tool for exploring brain activity with the expected precision. 8 Jobsis 9 found that skull transparency and cerebral absorption of near infrared light allowed a noninvasive way to measure tissue oxygen properties. This finding, termed functional near infrared spectroscopy (fNIRS), provided an important optical technique for neuroscience. fNIRS reveals brain activity through the hemodynamic responses associated with neuronal activity. It is analogous to fMRI in that, in both of them, brain blood oxygen serves as an intermediate to indicate neuronal activity. Unlike fMRI, however, fNIRS reveals not only deoxygenated but also oxygenated and total hemoglobin concentrations. This allows fNIRS users to distinguish differences in the amplitude, timing, and location of these components at a high level of resolution that is comparable to that of EEG. [10] [11] [12] The combination of EEG and fNIRS has been utilized as a multimodal neuroimaging method in a variety of applications, such as brain computer interfaces, 10, 13 the diagnosis of brain diseases, 3, 14 and investigations into the functional activities of the brain. 15, 16 Visual evoked potentials (VEPs) are electrophysiological signals evoked by visual stimuli that can be extracted from the electroencephalographic activity in the visual cortex recorded from the overlying scalp. 17 VEPs, which have two critical parameters: amplitude and latency, can provide important diagnostic information about the functional integrity of the visual system. 17, 18 The amplitude represents the amount of information received by the visual cortex, whereas the latency indicates how long the electrical signal took to travel from the retina to the visual cortex. 18 VEPs have been used to assess the vision of infants and young children since the 1970s. 19 Because of its value in clinical applications, many studies of VEPs have been conducted since that time to evaluate the visual pathway and to diagnose visual diseases. 18, 20, 21 Moreover, quite a few studies of the amplitude of VEPs have been performed to clarify its relationship with the hemodynamic response in order to investigate the so-called "neurovascular coupling" relationship. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] To the best of our knowledge, most of these studies were conducted to determine the relationship between the amplitude and the hemodynamic response.
However, the number of studies that investigated the influence of the temporal characteristics (the latency) of the VEPs on the hemodynamic response is relatively small. In response to a given stimulus, millions of pyramidal neurons receive synchronized postsynaptic potentials to generate the corresponding response. As a result, it takes time for the input neurons to become synchronized. 33, 34 Because EEG signals are thought to measure the synchronization above a certain threshold, these signals indicate changes in both onset and peak response latencies. 33 The more rapidly neurons become synchronized, the shorter the response latency. In general, the response latencies to visual stimuli are variable; i.e., distinct latencies correspond to distinct stimuli. A strong stimulus typically produces greater amplitudes and shorter latencies. 35, 36 Differences in the latency-contrast relationship between different cells means that the signals will become increasingly asynchronous as the stimulus contrast is reduced. 37 In comparison, hemodynamic responses are thought to reflect increases in synaptic activities regardless of the level of synchronization between them. 34 The amplitude of VEPs is modulated by the strength of the stimulus, whereas their latency is more a function of stimulus contrast. 38, 39 Some information is carried by the response latency because the stimulus contrast influences the response latency more than the response amplitude; that is to say, the stimulus contrast is encoded primarily by the response latency; whereas, the stimulus identity is encoded primarily by the response magnitude. 37 Temporal coding is important for distinguishing subtle contrast differences, while firing rates are useful for gross discrimination. 40 Therefore, clarifying the relationship between the latency and hemodynamic response is important.
Stimulus contrast, an important characteristic of the visual world, has been reported to offer several advantages as a paradigm for studying the ways in which information is encoded into the responses of neurons in the visual cortex. 40 Therefore, in this study, checkerboard reversal tasks with graded contrasts were used, and both EEG and fNIRS were employed to more comprehensively investigate the relationship between the electrophysiological activities of neurons and hemodynamic responses. The research goals were threefold. The first was to observe how a distinct contrast stimulus would affect the VEP and the hemodynamic response. The second was to correlate the VEP amplitude with the hemodynamic responses to explore the relationship between them. The last, but not least, was to investigate the effect of VEP latency on the hemodynamic response.
Materials and Methods

Participants and Protocol
Thirteen healthy volunteers (11 males and 2 females, ages 22 to 44 years) were recruited for this study. All the participants had normal or corrected-to-normal vision, no history of neurological disorders, and were not taking any type of medication at the time of the experiment. The visual stimuli we used were full-field windmill checkerboard reversal designs with three different levels of contrast (100%, 10%, and 1%). The stimulus contrast (C) was defined according to
where L max and L min are the maximum and minimum luminances, respectively. 37 The order in which the different contrast levels were presented in the trials was randomized among the participants. For each contrast, the entire experimental protocol consisted of an initial baseline period (30 s) followed by seven blocks; each block consisted of a stimulation period (25 s in a block at a reversal frequency rate of 4 Hz) and a resting period (30 s). We set 4 Hz as the reversal frequency, because that rate can induce a strong and stable response while, on the other hand, avoiding the overlap between consecutive VEP waveforms. 29, 41, 42 The complete protocol for each contrast lasted 415 s. During the baseline and resting periods, the participants were instructed to look at a central cross. During the stimulation periods, a fullfield windmill checkerboard stimulus was presented. After each complete contrast session, the participants were allowed to take a break for several minutes to prevent them from becoming fatigued. The experimental protocol was approved by the ethics committee of the Institute of Automation, Chinese Academy of Sciences. Written informed consent was obtained, and a reward was given to each participant for participation. All the experiments were carried out in a quiet, dimly illuminated, acoustically shielded room. Before the formal measurement session, the experiment protocol was explained in detail to the participants, and they were trained until they were familiar with the paradigm. During the experiment, the participants were seated comfortably 80 cm in front of a computer monitor. All experimental stimuli were presented using E-prime 2.0 software. EEG and fNIRS were used to record the neuronal electrophysiological signals and vascular microcirculation, respectively. The experimental configuration is EEG as shown in Fig. 1 .
Electroencephalography Recording and Data Analysis
VEPs were recorded using the Brain Vision system (Brain Products Ltd., Munich, Germany) with 64 channels at a sampling rate of 5000 Hz. Electrodes were placed at O1, O2, and Oz based on the international 10 to 20 system of electrode placement. An electrooculographic (EOG) electrode was placed over the outer canthus of the left eye to correct for blink artifacts. The impedances of the electrodes were maintained below 10 kΩ.
Prior to the correlation analysis, the EEG and fNIRS data were analyzed separately. Brain Vision Analyzer 2.0 was used for the off-line analysis of the EEG data. First, the O1, O2, Oz,
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091315-2 September 2016 • Vol. 21 (9) and EOG channels were selected for further processing. Then the data were down-sampled to 1000 Hz and band-filtered between 1 and 100 Hz with an additional 50 Hz notch filter. Moreover, an ocular correction using independent component analysis was done for the data that was seriously affected by EOG artifacts. Then the trend was subtracted from the data, taking into account the DC offset. The data were segmented into epochs that started 50 ms before the stimulus onset and ended 200 ms after the stimulus. Epochs with a magnitude greater than AE50 μV were automatically rejected as artifacts. Finally, the data went through a baseline correction by subtracting the 50 ms baseline obtained prior to the stimulus marker, and the block averages were calculated.
Functional Near Infrared Spectroscopy Recording and Data Analysis
Hemodynamic responses were recorded using the TechEn CW6 system. Optodes were placed on the surface above the primary visual cortex guided by the O1, O2, and Oz electrode positions. Four sources and eight detectors were arranged geometrically to obtain 12 optical channels, as shown in Fig. 1 . The distance between the source and detector pairs was 3 cm and the probe covered an area ∼6 × 6 cm 2 for each hemisphere. The sampling rate for the fNIRS was 50 Hz. In the optical recordings from the region of the visual cortex, the signals detected from the optical fibers of the CW6 system were especially weak. There may be two possible explanations for this. First, the relatively large tips of the fibers may have covered some of the participants' hair. Second, the coupling efficiency between the scalp and the optodes may have been poor because of the uneven structure of the occipital area. Therefore, we used self-designed fibers with smaller tips to obtain improved signal quality. Data processing was conducted using Homer 2. First, the concentration changes of oxygenated (HbO), deoxygenated (Hb), and total (HbT) hemoglobin were calculated from the original raw data using the modified Beer-Lambert Law. 43, 44 Next, the data were band-pass filtered between 0.01 and 0.1 Hz to remove higher frequency instrumental noise and task-unrelated physiological noise, including those from breathing, Mayer waves, blood pressure, arterial pulse oscillations, and heart beats at lower frequencies. 45, 46 The differential pathlength factors were 6.51 and 5.86 for 690 and 830 nm, respectively. 47, 48 The data were then segmented into epochs, starting 5 s before the activation onset and ending 20 s after the activation, and epochs with apparent artifacts were rejected. The 5 s period before the activation onset was regarded as the baseline. As is typical in other studies, a reliable brain activation was identified as a significant increase in ΔHbO or a significant decrease in ΔHb with respect to the average baseline levels between 8 s and 20 s after the activation onset. 46, 49 The spatial distribution maps of the group-averaged hemodynamic responses were calculated for all the included data.
Correlation Analysis and Statistical Analysis
Throughout the experiment, reliable VEP waveforms from the EEG were obtained from all 13 participants, but reliable hemodynamic responses from the brain activation were obtained from fNIRS in 10 out of 13 participants. All data from three participants were discarded because of inadequate fNIRS recordings. One participant's data was rejected because he did not have an fNIRS scan. Another was rejected for poor optical coupling between the optodes and the scalp. The third one was removed due to unusually large motion artifacts. Therefore, the data from the remaining 10 participants were used in the subsequent data processing and analysis. For the fNIRS data, the trial rejection rates were 6.59%, 5.49%, and 3.3% for contrast levels 100%, 10%, and 1%, respectively. For the EEG data, the trial rejection rates were 10.32%, 9.51%, and 10.48% for contrast levels 100%, 10%, and 1%, respectively.
When comparing VEPs and hemodynamic responses, an important issue is which features of the VEPs should be used to represent the neuronal activity. 50 Previous papers used the first positive P1 peak for latency analysis because of its relatively good stability and high amplitude. 18, 51, 52 In this paper, The diagram of the head illustrates the placement of the electrodes (green hexagons), specifically, O1, O2, and Oz, and optodes, specifically 4 sources (red stars) and 8 detectors (blue circles), yielding 12 optical channels (black lines marked with channel numbers). The distance between a neighboring source and the detector pairs was 3 cm and the probe covered an area of ∼6 × 6 cm 2 for each hemisphere.
Journal of Biomedical Optics 091315-3 September 2016 • Vol. 21 (9) the amplitudes and latencies of the first negative N1 peak and the first positive P1 peak (because they were the most prominent peaks, whereas N2 could not be extracted consistently) were used to thoroughly investigate the relationship between the VEP and the hemodynamic responses. In this paper, all the experimental results are indicated as means AESE, unless otherwise mentioned. A paired t-test was conducted to compare the differences in three contrast levels of VEPs and the hemodynamic responses, separately. The differences were accepted as significant when p < 0.05. All the statistical analyses were performed using SPSS software.
Results
Electroencephalography Results
The group-averaged VEP results for the different contrast levels in the checkerboard reversal experiment were extracted (Fig. 2) . This figure shows that the records from the 100% contrast level indicated a typical pattern reversal VEP, including the first negative peak (N1, at about 75 ms) and the first positive peak (P1, at about 100 ms). The amplitudes of the P1 and N1 peaks for the 10% and 1% contrast levels were obviously reduced and the latencies were noticeably prolonged. The group-averaged mean VEPs across O1, Oz, and O2 are shown in Fig. 3 . The individual VEP data for the visual checkerboard reversal tasks at the different contrast levels are shown in Fig. 4 . As Figs. 2 and 3 show, both the amplitude and the latency of the VEPs varied with stimulus contrast; specifically, a decrease in the contrast level caused a reduction in the amplitude and an increase in the latency of the VEPs. To test whether these changing trends were statistically significant (paired t-test, p < 0.05), we compared the three contrast levels with each other. As can be seen in Table 1 , the amplitudes of P1-N1 were significantly different between the three contrast levels. As for the amplitudes of the P1, the 1% contrast result was statistically different from the 10% contrast and the 100% contrast, but there was no significant difference between 10% and the 100% contrast levels. Note that the P1 latencies were significantly different between all three contrast levels, but there were no significant differences in the N1 latencies between the three contrast levels. As shown in Fig. 4 , the VEPs had a relatively high degree of intersubject variability in amplitude, , and red (right column) bars represent 1%, 10%, and 100% contrast, respectively. The trends and magnitudes of the VEP amplitudes from contrast 1% to contrast 100% varied considerably between the subjects, but the VEP latencies showed much less inter-subject variability. Journal of Biomedical Optics 091315-6 September 2016 • Vol. 21 (9) whereas the latencies of the VEPs showed low variability and high stability among the subjects.
Functional Near Infrared Spectroscopy Results
The group-averaged spatial distribution maps of the hemodynamic responses for the visual checkerboard reversal tasks at different contrast levels are shown in Fig. 5 . Figure 6 shows the group-averaged mean hemodynamic responses across all the channels. As is shown in Figs. 5 and 6 , the hemodynamic responses from all three contrast levels showed significant increases in the amplitude of ΔHbO and decreases in the amplitude of ΔHb in response to neuronal activities. Moreover, the changes in ΔHbO are more apparent than those of ΔHb. Throughout the experiment, a poststimulus undershoot can be seen in several channels across the three contrast levels.
In comparison, the amplitudes of the ΔHbO increased as the contrast level increased, but seemingly may have increased more slowly at the highest contrast level. What is more, there were no obvious changes in the amplitudes of the ΔHb with varying contrast levels. Note that the peak time of the ΔHbO monotonically decreased as the contrast level increased. Both the changes in the amplitudes and the peak time in the ΔHbO were more apparent than those in the ΔHb. All three contrast levels were compared statistically with each other. As can be seen in Table 1 , the amplitudes of ΔHbO at the three contrast levels were significantly different from each other (paired t-test, p < 0.05), but for ΔHb, only the 1% contrast was statistically different from the 100% contrast level. As for the peak time of the hemodynamic responses, neither the ΔHbO nor the ΔHb showed any significant differences between all three contrast levels, although a weak trend toward decreasing peak time with increasing contrast level was present in the ΔHbO.
Correlation Results
In this paper, we used the P1-N1 amplitude for the correlation analysis because it has a greater dynamic range than those of the P1 and N1 amplitudes alone. 50 For latency, the first positive P1 peaks were used for analysis because of their relatively good stability. 51, 52 The correlation between the amplitude of VEP and hemodynamic responses at the different stimulus contrast levels is illustrated in Fig. 7(a) , which seems to indicate a linear (c) show the amplitudes and the peak time of the hemodynamic response as a function of the stimulus contrast levels, respectively; error bars show the SE. The amplitudes of the ΔHbO monotonically increased as the contrast level increased, but increased more slowly at the high contrast level. However, the peak time of the ΔHbO monotonically decreased as the contrast level increased. Both the changes in the amplitudes and the peak time in the ΔHbO are more apparent than those in the ΔHb. Fig. 7 The correlation between the VEP and hemodynamic responses at the different stimulus contrast levels. (a) and (b) indicate the relationship between VEP amplitude and latency against the hemodynamic response at the different contrast levels. The circle, square, and rhombus represent the 1%, 10%, and 100% contrast levels, respectively. The red and blue lines indicate the ΔHbO and the ΔHb, respectively. Error bars show the SE.
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Discussion and Conclusions
Brain functional activity has been a hot topic in both neuroscience and clinical neurology. VEPs have frequently been used as psychophysiological signals in clinical situations and neuroscience studies. The amplitude characteristic of the VEP, which is the first of two key parameters of event-related potentials, has been associated with the hemodynamic response. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] However, there have been relatively few studies investigating the relationship between the latency of the VEPs and the hemodynamic responses. Since brain activity involves a complicated chain reaction of cellular, metabolic, and vascular processes, it is impossible to rely on one neuroimaging modality to unveil the brain's complicated mechanisms. Moreover, involving two or more imaging modalities could provide complementary information about the activity. fNIRS and EEG are a natural pair in that they have compatible spatial and temporal resolution and can enrich each other with different types of physiological information. Therefore, in this study we utilized fNIRS and EEG as a multimodal neuroimaging method to analyze the relationship between neuronal activities and the hemodynamic responses. The main difference between the current work and previous studies is that not only the amplitude characteristics but also the temporal characteristics (specifically, the latencies of the VEPs and the peak time of the hemodynamic responses) of the neuronal activities and hemodynamic responses were also investigated.
The checkerboard reversal stimulus was used to evoke activity in the visual cortex. Neuronal electrophysiological signals and the vascular microcirculation were measured noninvasively by EEG and fNIRS, respectively. To quantify the relationship between the amplitude/latency and the hemodynamic response, the visual stimuli were presented at three contrast levels, 1%, 10%, and 100%. We analyzed the effects of the graded stimuli to the amplitude/latency and to the hemodynamic response, as well as the relationship between these two modalities.
Neuronal Responses to Graded Stimulation
VEPs have a typical waveform under visual stimuli with 100% contrast. Our VEPs at the 100% level were in line with previously published VEP waveforms obtained using the same task. 17, 20, 53 The amplitudes and latencies varied slightly from reports in other studies, possibly because of differences in the experimental protocols, such as check size, stimulus frequency, attention level, and age. 17 Moreover, the VEPs had relatively high variability between subjects in their amplitudes but low variability and high stability in their latencies. These results were in agreement with a previous study, 18 which claimed that the latency measurements tend to have less between-subject variation than the amplitudes.
Both the amplitude and the latency of VEP varied with the stimulus contrast level. The higher the contrast level of the stimulus, the greater the amplitude of the VEP. But the latency showed an opposite trend. The higher the contrast level of the stimulus, the shorter the latency. Our results are in agreement with previous research. 24, 36, 54, 55 Interestingly, the rate of change in the amplitude was slower at the higher contrast level. This could have been due to a saturation effect. 24, 56 A logarithmic function may be appropriate to represent VEP amplitudes at different contrasts. 25, 55, 56 
Hemodynamic Responses to Graded Stimulation
After the visual stimulation, the hemodynamic responses showed significant increases in the ΔHbO and decreases in the ΔHb with an increasing level of stimulus contrast. Moreover, the rate of increase in the ΔHbO was more apparent than the rate of decrease in the ΔHb. This may have been due to a relatively higher signal-to-noise ratio for ΔHbO, which could have improved its robustness to cross-talk. 46, 57 These results were in accord with previous findings. 24, 58 Typically, the rate of change of the hemodynamic response gradually decreased as the contrast increased. The relationship between the hemodynamic responses and contrast levels also follows a logarithmic function. 25, 54, 55 For a given stimulus, the recorded hemodynamic response is the mixed results of several complex processes, including the neuronal activity responding to the stimulus, the neurovascular coupling relationship between neuronal activity and the hemodynamic response, and the nature of the hemodynamic response itself. 59 Therefore, hemodynamic nonlinearity might result from any one or a mixture of these processes, rather than from the vascular effect alone. 24 In this paper, the consistency of the logarithmic changes in the VEPs and the hemodynamic responses in response to visual contrasts may indicate that the hemodynamic nonlinearity primarily reflects the nonlinearity of underlying neuronal activity. 24 
Neurovascular Coupling Function
VEPs are induced by the summation of synchronous neuronal activities of similarly aligned neurons and are typically sensitive to the conductive properties of the brain. VEPs can be cancelled out by opposing current sources under certain conditions. 29, 33 Hemodynamic responses result from the integration of the synaptic inputs of the entire neuronal population of a region of interest regardless of the orientation or the excitatory or inhibitory role of those neurons. 29 A high contrast stimulus, such as our 100% contrast level, represents a "strong stimulus", which should be expected to take less time for the neurons to become synchronized and should produce a higher amplitude of responses in the visual cortex.
The hemodynamic response is thought to be a low-pass filter of the underlying neural activity. 4 This means that the hemodynamic response integrates both the spatial and temporal information of the neural activity. 24 In order to investigate the visual evoked functional activity comprehensively, we examined the correlation between the hemodynamic changes and the amplitude and latency of the VEP. Our study showed that, with an increase in visual contrast, both the amplitude of the evoked potentials and the hemodynamic responses increased correspondingly, implying a linear relationship between them. This agrees with previous studies. 23, 25 Typically, according to Koch et al., 15 a logarithmic increase in contrast levels results in a linear correlation between the neuronal (both the transient VEP and the gamma band activity) and hemodynamic responses.
However, the latency of the VEP decreased when the stimulus contrast increased. This finding implies a negative correlation between the VEP latency and the hemodynamic responses. A possible physiological mechanism is that the decreased response latency of the VEP could be related to a larger amplitude of the hemodynamic response because neurons become synchronized more rapidly in response to a strong stimulus, resulting in a shorter response latency. Moreover, it is well established that neuronal activity consumes energy. More energy is required for neurons to generate action potentials in a shorter time leading to stronger hemodynamic responses. This mechanism does not conflict with the conventional strength mechanism by which an increase in the response amplitude of the VEP is associated with a larger amplitude of the hemodynamic response. What is more important about this mechanism based on latency is that it illustrates another possible way that the time relationship can provide supplementary information that may increase the understanding and interpretation of the relationship between electrical activities and hemodynamic responses.
Limitations of the Current Study
One of the limitations of the current study is that only three contrast levels were used. Future studies using more contrast levels would be helpful for addressing the relationship between neural and hemodynamic responses in greater detail. A second limitation is the relatively low spatial resolution. Employing highdensity EEG and high-density tomography at multiple distances will be helpful for understanding the neurovascular coupling mechanism in greater detail. In that way the task irrelevant noises of the fNIRS that result from shallow tissue (scalp and skin) could be further eliminated or at least reduced and the spatial resolution could be improved. An additional limitation is that the EEG and fNIRS measurements were recorded separately. Therefore, the exact experimental configuration and attention level could have been different. In further studies, simultaneous recording might be helpful for overcoming this limitation. 
